Optimizing public transit quality and system access: the multiple-route, maximal covering/shortest-path problem by Changshan Wu & Alan T Murray
1 Introduction
Public transportation planning is seen as a promising approach for achieving urban
sustainability (Newman and Kenworthy, 1999). Sustainable transportation is charac-
terized as ``satisfying current transport and mobility needs without comprising the
ability of future generations to meet these needs'' (Black, 1996, page 151). Researchers
have suggested that current automobile-dependent transportation systems in the
United States are not sustainable (Black, 1996; 1997; Newman and Kenworthy, 1999;
TRB, 1997). In particular, automobiles are recognized as being responsible for a major
share of world oil consumption, a resource that is nonrenewable (TRB, 1997). Of equal
concern as that relating to oil resources is the serious environmental problems caused
by vehicle emissions (Newman and Kenworthy, 1999). Moreover, levels of congestion
have increased rapidly in the last decade, and the costs associated with congestion are
estimated to be over US$40 billion a year (TRB, 1994). As a means for achieving
sustainable transportation, public transit has proven effective in reducing automobile
dependency, particularly for journey-to-work trips (TRB, 1997). It was found in
Portland, for example, that motor vehicle travel reductions of more than 10% were
attributable to improved transit (Cambridge Systematics, 1996). Public transit is also
an effective means of alleviating environmental pollution and energy consumption
(TRB, 1997). In addition, increased transit utilization is likely to lessen congestion,
providing a much higher carrying capacity than automobiles, enhancing quality of life,
and enabling greater mobility and economic activity.
Although public transit is a promising means for achieving some degree of urban
sustainability, transit patronage in urban regions of the United States comprises less
than 10% of all work trips (Charles River Associates, 1997). Evidence suggests that it
has decreased in the last ten years (Newman and Kenworthy, 1999). From an opera-
tional perspective, poor service quality no doubt contributes to low transit patronage.
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Abstract. Public transit service is a promising travel mode because of its potential to address urban
sustainability. However, current ridership of public transit is very low in most urban regionsö
particularly those in the United States. Low transit ridership can be attributed to many factors,
among which poor service quality is key. Transit service quality may potentially be improved by
decreasing the number of service stops, but this would be likely to reduce access coverage.
Improving transit service quality while maintaining adequate access coverage is a challenge facing
public transit agencies. In this paper we propose a multiple-route, maximal covering/shortest-path
model to address the trade-off between public transit service quality and access coverage in an
established bus-based transit system. The model is applied to routes in Columbus, Ohio. Results
show that it is possible to improve transit service quality by eliminating redundant or underutilized
service stops.
DOI:10.1068/b31104Common complaints are that the transit service is too slow, too infrequent, not
reliable, and generally inconvenient compared with automobile travel (Altshuler et al,
1979). Levinson (1983) found that bus travel time is typically 1.4^1.6 times higher than
travel time with private automobiles in a survey of several large US cities. Further, Cox
(1999) found that the average speed of public transit is roughly half that of an
automobile. This is consistent with the conclusions drawn by the Union of Interna-
tional Public Transport (Cox, 2002). Studies show that better service quality can be
achieved through a reduction in the number of stops, and/or increases in interstop
spacing (Furth and Rahbee, 2000; Murray and Wu, 2003; Saka, 2001). However, access
coverage is certainly important in public transit planning as this is the means by which
service is provided to riders. In fact, Larwin (1999) highlights the role of access
coverage, reflecting the fact that riders cannot use a service that they cannot get to.
Recent research by one of us (Murray, 2003) has focused explicitly on the expansion of
access coverage.
Given the above, transit agencies must consider ways of improving both public
transit access and service quality if ridership is to be increased (Larwin, 1999; Murray
and Wu, 2003). Although both components are important, studies suggest that service
quality can be significantly improved without sacrificing current transit access cover-
age. In particular, one of us (Murray, 2001) conducted a strategic analysis using the
location set covering problem (LSCP) in order to assess how many stops in a system
were actually needed to maintain current levels of coverage. Intentionally ignoring
transit-route structure, it was found that only 10% of existing bus stops were necessary
to provide equivalent service coverage (Murray, 2001). Operationally, linear program-
ming models have been proposed to improve operational performance along a transit
route by spacing stops appropriately (Furth and Rahbee, 2000; Murray and Wu, 2003;
Saka, 2001; Wirasinghe and Ghoneim, 1981). Few studies, however, have explicitly
addressed the trade-off between service quality and access coverage. One exception is
the work of Murray and Wu (2003), in which the trade-off between accessibility and
stop spacing was analyzed. Moreover, previous studies have either ignored transit-route
structure, or considered only a single route in the analysis of service quality. Although
it is reasonable to improve transit service quality route by route, interactions among
different routes are necessarily neglected.
A need exists for a modeling approach that integrates transit service quality
and access coverage for an existing multiple-route transit system. In this paper, the
multiple-route, maximal covering/shortest-path (MRMCSP) model is developed to
address the trade-off between public transit service quality and access coverage.
We begin by reviewing previous analyses of public transit access and service quality.
Next, the MRMCSP model is formulated. Application results for the public transit
system in Columbus, Ohio, are then presented. The paper ends with discussion and
concluding comments.
2 Background
Public transit access coverage has been considered an important focus for the evalu-
ation of transit systems (Benn, 1995). In fact, maximizing the area which has suitable
access to transit is often an explicit operational policy objective of urban regions
(Murray, 2001; Nelson and O'Neil, 1983).`Access' may be interpreted as the opportunity
for potential riders to get from where they are to the transit service (Murray et al,
1998). Often 400 m (one quarter of a mile) is stipulated as an acceptable (or suitable)
access standard for an individual to walk under normal conditions (Demetsky and Lin,
1982; Peng et al, 1997). A person is considered `covered' by public transit if they have
such suitable access to a transit stop. A number of studies have evaluated transit-access
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and approaches have been proposed for extending transit-access coverage (Murray,
2003). With an objective of maximizing potential ridership coverage, and minimizing
associated costs, the maximum-covering/shortest-path (MCSP) model (Current et al,
1985) also represents an approach for extending access, though this has not been
proposed or applied in the context of an existing transit route. Different versions of
one-route, two-route, and multiple-route MCSP models have been used in designing
routes for new service areas (Boffey and Narula, 1998; Current and Schilling, 1989;
1994; Hachicha et al, 2000). Although evaluating and improving access are important
issues in transit planning, in this paper we focus on improving the service quality of
an existing transit system, in addition to maintaining transit-access coverage to the
greatest extent possible.
Service quality can no doubt be interpreted and conceived of in different ways,
ranging from convenience, travel time, comfort, information access, reliability, safety,
etc (Levinson, 1992). For example, interactive transit trip planning tools, which use
Internet^based geographic information systems, have been developed (Huang and
Peng, 2002; Peng and Huang, 2000). Further, improvement in reliability has been
sought through the use of automatic vehicle location data associated with bus arrival
or departure at specific stops (Cathey and Dailey, 2003) and by implementing transit
signal priority (Ling and Shalaby, 2003). Yet an underlying theme is travel-time perfor-
mance, which is why travel time remains an important aspect of service quality, as
noted by Newman and Kenworthy (1999). Given this, transit travel time performance
is utilized to reflect service quality, though other measures could easily be included.
The total travel time for a transit vehicle includes dwell, acceleration, cruise, and
deceleration time (Levinson, 1983).(1) The less the travel time, the better the perfor-
mance. With a goal of minimizing total transit travel time, many models have been
proposed and solved in which continuum approximations or linear programming have
been used in order to determine the optimal spacing of bus stops along a transit route
(Saka, 2001; Wirasinghe and Ghoneim, 1981). However, these approaches typically do
not address the actual geography of a street network or stop locations. One exception
is the work of Furth and Rahbee (2000), in which travel demand is redistributed to the
blocks of parallel streets and cross streets in the service area of each stop. However, it
is not clear whether such a redistribution is spatially appropriate (Horner and Murray,
2004; Murray and Wu, 2003). In addition, Furth and Rahbee's model was developed
for a particular route, and only one objective (the summation of walking-time cost,
riding-delay cost, and operating cost) is considered in the determination of the optimal
spacing of bus stops.
An alternative performance-enhancing approach involves minimization of the
number of stops along a transit route (Murray, 2003). The removal of redundant bus
stops will no doubt decrease the delay associated with bus deceleration, dwell, and
acceleration, thereby decreasing total travel time and increasing riders'accessibility via
transit (Murray, 2003; Murray and Wu, 2003). Along these lines, two spatial optimiza-
tion models for addressing improved transit accessibility have been developed (Murray
and Wu, 2003).
(1) Dwell time refers to the time that a transit vehicle spends at a station or stop. It includes door-
open time, passenger boarding and alighting time, and door-closing time. Acceleration time is the
time a transit vehicle spends changing from stop position to cruise speed (the maximum constant
speed). Cruise time is the time that a transit vehicle travels at the cruise speed. Deceleration time is
the time a transit vehicle spends changing from cruise speed to stop position.
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dealing with multiple routes in an established transit system. However, integrated route
structure is essential (Pendyala et al, 2002), and most urban areas must contend with
an existing transit system for which only incremental changes are possible. Given this,
there is a need for a model which addresses both transit service quality and access
coverage in an established multiple-route transit system.
3Modelingtransitservicequalityandaccesscoverage
In this section we present a model that allows for a trade-off between service quality
and access coverage in the selection of stops to be maintained in an existing transit
system. Total system travel time is utilized to reflect public transit service quality.
The multiple-route, maximal covering/shortest-path (MRMCSP) model developed may
be thought of as an extension of the maximum-covering/shortest-path (MCSP) model
presented by Current et al (1985). One major difference is that the MRMCSP model is
applied to an established transit system, whereas the MCSP model is applied to
determine a new transit route, where there is no existing structure. Moreover, unlike
the MCSP model, directed links between stops have been utilized in the MRMCSP
model to eliminate potential subtours. A similar directed network-flow model has been
applied in planning forest harvests (ReVelle and Snyder, 1996) and in siting monitoring
stations along a stream (ReVelle and Hearn, 2002). The utilized notation is defined as
follows:
i, j, k are indexes of existing bus stops (sets denoted I, J, K);
r is an index of existing transit routes (set denoted R);
m is an index of ridership service areas;
o, d are indexes of origin and destination terminals for transit routes;
lij is the transit travel distance between stops i and j;
vij is the cruise speed between stops i and j;
di is the total delay time at stop i associated with bus acceleration, deceleration,
and door opening and closing;
tij is the total travel time between stops i and j without intermediate stops;
am is the potential ridership demand in service area m;
Dmj is the shortest travel time or distance from service area m to stop j;
S is a suitable service access standard;
Nm f jjDmj 4 Sg;
yrm 




1, if directed arc from stop i to stop j is included in path from

























166 C Wu, A T Murraysubject to
X
j2Nm
xj 5 yrm, 8r, m, (2)
X
j
zodoj  1, 8o 2 O, d 2 D,( 3 )
X
i






zodjk  0, 8o 2 O, d 2 D, j 2 J, j = 2 O, j = 2 D,( 5 )
X
i
zodij  xj, 8o 2 O, d 2 D, j 2 J,( 6 )
xi  0, 1, 8i,
zodij  0, 1, 8o, d, i, j, (7)
yrm  0, 1, 8r, m.
The objectives of the MRMCSP model structure the minimization of total transit
system travel time between all terminal pairs, and maximize the total potential ridership
provided suitable access coverage by transit routes. Constraints (2) account for service-
area coverage by route. Constraints (3) and (4) ensure that the origin and destination
terminals begin and end routes, respectively. Constraints (5) are connectivity require-
ments. Constraints (6) track whether stops are sited. Binary decision variables are
imposed in constraints (7).
As noted previously, the MRMCSP model extends the MCSP model proposed by
Current et al (1985). One major difference with the MRMCSP model is that multiple
transit routes, with multiple origin and destination terminals, are addressedöincluding
transfers among different routes. Another major difference with the MRMCSP model
is the constraint structure. The MCSP model is difficult to solve because of resultant
subtours, which must be dealt with by adding subtour-elimination constraints (Current
et al, 1985). Further, the number of potential subtours increases rapidly with problem
size. In contrast, subtours do not arise in the MRMCSP model because of the use of
directed links. Moreover, with a similar modeling structure, but applied in environmental
planning, ReVelle and Snyder (1996) point out that such a model appears to possess
important unimodular characteristics. An integer programming problem can be solved
in its relaxed linear programming form if its constraint matrix has a unimodular structure
and the right-hand sides contain only integers (Winston, 1995). Although it is difficult
to prove that the proposed model is unimodular, it is likely to obtain 0^1 solutions.
Therefore, the time spent in branch-and-bound procedures in solving such integer pro-
gramming problems is expected to be minimal. More discussion of the efficiency of such
a modeling structure can be found in the work of Revelle and Snyder (1996).
An important element in the MRMCSP model is the estimation of travel time







2dj, if stops i and j are on the same route,
1, if stops i and j are on different routes,
and not transfer stops,
Tij, if stops i and j are transfer stops on different routes,
8
> > > > > <
> > > > > :
(8)
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tij is direct travel time without intermediate stops between i and j. Therefore, tij is
half the delay time at stop i, travel time from stop i to j, plus half the delay time
at stop j when stops i and j are on the same route. If stops i and j are on different
routes, they cannot be directly connected unless they are designed for transfer between
routes.
The weighting method (see Current et al, 1985; Zadeh, 1963) was applied for solving
the MRMCSP model in order to avoid modification of the constraint structure.
Through applying a weight, o, this two-objective problem can be transformed into a
single-objective model:
Z  oZ1  1 ÿ oZ2 .( 9 )
An approximation of the noninferior solution set can be derived by systematically
varying the weight, o, and solving the associated single-objective model.
4 Analysis of the Columbus transit system
The transit service in Columbus, Ohio, is examined in this paper. This region has
experienced rapid growth in the last ten years. Given this, the Central Ohio Transit
Authority (COTA) continues to seek improvements to regional public transit services
(Horner and Grubesic, 2001). We focus our analysis on two routes spanning 47.4 km2,
partitioned into 2445 Census blocks (see figure 1). This area contains approximately
100000 people and employs some 123800 individuals. Included in this area are most
representative land-use types: central business district, high-density residential, and
low-density residential. Public transit routes and stops in this area were acquired from
COTA. Routes 6 and 7 constitute major services for this region. Shown in figure 1,
route 6 (49 stop pairs) starts from a high-density residential area (T1) in the west and
extends about 8 km to the northeast (T2). Route 7 (74 stop pairs) starts in the north
(T3) and extends 10 km to the southeast (T4). The headway for stops along these two
routes is approximately 15 minutes. Both routes cover residential areas near the terminal
points and commercial areas in the middle sections. A transfer stop for these two routes
is located at the corner of N.High Street and Broad Street.
In addition to bus-route and bus-stop information, block-population data from
the 2000 Census and employment data from the Mid-Ohio Regional Planning
Commission (http://www.morpc.org) were utilized as potential ridership demand in
this analysis. 2000 Census data specify the total number of people within each block.
The MORPC employment data include the addresses of employment activities
and the number of people employed. Employment data were aggregated to census
blocks in order to be consistent with census population data. The total number of
people and total number of employees in each census block were used as a proxy for
potential transit demand (Murray and Wu, 2003).
Although typically utilized as demand data in spatial modeling approaches, census
zonal data may be problematic in detailed transit planning (Murray et al, 1998).
Census data are likely to mask the underlying population distribution because the
census is intentionally structured to aggregate individual population counts to larger
zonal units (Martin, 1996; Moon and Farmer, 2001). In addition, scale and unit
definition biases, the so-called modifiable areal unit problem, may influence modeling
results (Horner and Murray, 2004; Openshaw and Taylor, 1981). To address potential
transit demand spatial representation issues, detailed population data with 30630 m
resolution (see figure 2, over) were also utilized in this analysis. Population and
employment counts within each 30630 m grid were interpolated through cokriging,
with impervious surface fraction. First, impervious surface fraction was derived from
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Next, a cokriging method was applied to interpolate population and employment
counts, with impervious surface fraction used as supplementary data (Wu and
Murray, 2005). These data provide greater spatial detail on how the population is
distributed, and are likely to be better suited for modeling transit demand.
The total system travel time is calculated as the total travel time from terminal
to terminal via public transit. In our two-route application, four terminals, with
six origin^destination pairs, have been specified (see figure 1).(2) It is assumed that
passengers can only transfer at the major transfer stop, and that the transfer waiting
time is half the average headway. Total travel time is divided into three com-
ponents: cruise travel time, congestion delay, and stop delay. Cruise travel time is






Stops on route 6
Route 6
Stops on route 7
Route 7
Covered blocks
2000 Census blocks 10 1 2 k m
Figure 1. A portion of Columbus, including transit routes of interests.
(2)Unique pairs consist of T1^T2, T1^T3, T1^T4, T2^T3, T2^T4, and T3^T4.
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subdivided into delay time associated with bus deceleration, time to open and close doors,
delay time associated with bus acceleration, and passenger boarding and alighting time
(Furth and Rahbee, 2000). The sum of the first three bus-stop delay components is
typically modeled as follows (Furth and Rahbee, 2000; Saka, 2001; Wirasinghe and
Ghoneim, 1981):








,( 1 0 )
where di is the total delay time at stop i associated with bus acceleration, decelera-
tion, and door opening and closing; ki is the time for opening and closing doors; vi is
the cruise speed; and ai and bi are the acceleration and deceleration rates, respec-
tively. In this study, ki is estimated as 3 s, vi is 40 km per hour, and ai and bi are
assumed to be 1.33 ms
ÿ2. These values were set based on reported empirical studies
(Furth and Rahbee, 2000; Pline, 1992; Saka, 2001) and field observations in the study
region. This gives a dwell time, di, of 11.4 s for each stop. The fourth bus-stop delay
component, total passenger boarding and alighting time, may vary for each bus stop.
However, it is reasonable to assume that the total passenger boarding and alighting
time is a linear function of the number of passengers (Furth and Rahbee, 2000).
Therefore, the total delay associated with passenger boarding and alighting in a
transit system can be assumed to have a fixed value if the access coverage of potential
ridership does not change significantly (Furth and Rahbee, 2000). Therefore, we









Figure 2. Population data estimated for 30630 m cells throughout the study region.
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A 1.0 GHZ Pentium III personal computer, running windows NT 4.0 with 512 MB
memory, was utilized in this analysis. A loose-coupled modeling environment inte-
grated geographic information system (GIS) and spatial analysis software to address
our transit-planning problem. In particular, ArcView version 3.2, a commercial GIS
package (ESRI Inc., Redlands, CA), was used for system travel time estimation,
access-coverage analysis, data management, and visualization of results. An Avenue
script, supported by ArcView, was created to produce MRMCSP model application
instances for subsequent use in CPLEX 7.0, a commercial optimization package
developed by ILOG, Inc. The spatial optimization problems were solved by CPLEX,
and solutions were read back into ArcView for visualization and further analysis.
With census block population and employment data representing potential demand
for public transit (see figure 3), the model has 10177 decision variables and 2629
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Figure 3. Potential ridership demand by census blocks.
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seconds to reach an optimum. This supports the aforementioned distinction in model
structure of the MRMCSP compared with the MCSP models. The existing transit
routes cover 145796 potential riders. The average system travel time for the six
origin^destination pairs is 32.70 minutes. The results in table 1 show that current
coverage can be maintained, but that it is possible to decrease average travel time
down to 24.14 minutes (see o  0:1). This is 26% less than the current average travel
time of 32.70 minutes. Further, the number of stops on routes 6 and 7 decrease to 21
and 33, respectively, which are 57% and 55%, respectively, less than the existing number
of stops. The spatial locations of these selected stops are shown in figure 4 for
o  0:1. The average bus stop spacing increases from 163 m up to 381 m on route 6,
and from 135 m up to 303 m on route 7.
The results discussed thus far demonstrate that system travel time can be greatly
decreased through the removal of redundant stops, without affecting access coverage of
potential ridership. It is possible to reduce travel time further with the sacrifice of access
coverage. The trade-off between transit-access coverage and average system travel time
for each terminal pair is shown in table 1 and figure 5 (see over). The results illustrate
that travel time can be greatly decreased if slightly less access coverage is accepted.
Table 1. Access coverage and average travel time trade-off (census blocks).
Weight Average Potential Objective Number of stops Branches Itera- Solu-
(o) travel demand route 6 route 7 tions tion
time covered time
(Z1/6) (Z2) (s)
0 25.28 145796 145796.0 25 38 63 2303 16.97
0.00001 24.14 145796 145794.5 21 33 76 844 10.06
0.0001 24.14 145796 145780.6 21 33 86 844 10.41
0.001 24.14 145796 145641.5 21 33 94 853 10.78
0.01 24.14 145796 144251.1 21 33 93 856 10.70
0.1 24.14 145796 130347.4 21 33 75 925 10.33
0.2 23.88 145781 114905.7 20 32 12 783 3.86
0.3 23.69 145761 99474.6 20 30 13 914 4.09
0.4 23.16 145659 84059.9 18 28 7 874 2.31
0.5 23.16 145659 68660.2 18 28 26 1033 5.13
0.6 23.07 145613 53262.5 18 27 10 1075 3.75
0.7 22.78 145406 37880.5 18 24 5 1232 2.31
0.8 22.26 144767 22542.6 16 22 13 1436 3.27
0.9 21.57 143163 7327.7 13 20 16 1886 3.72
0.91 21.47 142827 5819.3 13 19 1 1914 2.11
0.92 21.31 142196 4318.5 12 19 1 1957 2.13
0.93 21.14 141 448 2823.2 11 19 2 2061 2.33
0.94 21.05 140953 1335.1 11 18 0 2075 1.47
0.95 20.79 139220 ÿ147.4 10 17 0 2515 1.76
0.96 20.50 137089 ÿ1601.1 10 14 0 2470 1.69
0.97 20.17 133676 ÿ3031.8 8 14 0 2689 2.28
0.98 20.07 132389 ÿ4433.4 8 13 0 2523 1.67
0.99 19.26 112774 ÿ5737.6 6 8 0 2010 1.11
0.992 19.10 106063 ÿ5971.2 5 8 0 1875 1.02
0.994 18.48 76031 ÿ6156.0 3 5 0 1782 0.98
0.996 18.48 76031 ÿ6321.4 3 5 0 1679 0.86
0.998 18.29 58682 ÿ6453.2 3 3 0 1482 0.77
0.999 18.29 58682 ÿ6518.4 3 3 0 1348 0.66
1 18.29 58682 ÿ6583.7 3 3 0 453 0.50
172 C Wu, A T MurrayFor example, to maintain 95% of the total potential demand covered for both routes, the
average system travel time can be reduced to 21.05 minutes (see o  0:94 in table 1).
This is 12.8% less than the minimum travel time for a full coverage (24.14 minutes).
Moreover, the number of stops on routes 6 and 7 are 11 and 18, respectively, only some
50% of the minimum number of stops required for complete coverage.
The interpolated 30630 m grid-based data were also used to represent potential
transit demand spatially (see figure 6, over); the results are reported in table 2 (over).
The resulting model requires 22263 decision variables and 14715 constraints. Although
more decision variables and constraints are needed, the computational complexity of this
model does not increase significantly (see solution-time column in table 2). The modeling
results differ from those obtained using census zonal data. First, the total number of
potential riders covered by both routes is143634, slightly less than the total obtained using
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Figure 4. Selected stops that ensure complete coverage, but decrease average travel time by 26%
(census block-based ridership demand).
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Figure 5. Trade-off between access coverage and average travel time by route (census block-based
ridership demand).
Table 2. Access coverage and average travel time trade-off (30630 meter grids).
Weight Average Potential Objective Number of stops Branches Itera- Solu-
(o) travel demand route 6 route 7 tions tion
time covered time
(Z1/6) (Z2) (s)
0 28.20 143634 143634.3 34 53 31 2023 18.88
0.0001 27.78 143634 143618.9 32 52 20 477 10.97
0.001 27.68 143634 142098.3 32 51 20 488 10.64
0.1 26.51 143609 128293.7 25 51 8 629 8.72
0.2 26.06 143581 112988.8 24 48 8 910 8.51
0.3 25.16 143466 97709.0 22 42 4 1242 5.99
0.4 24.52 143342 82474.3 21 37 7 1572 8.61
0.5 24.16 143247 67274.4 20 35 0 1802 5.48
0.6 23.45 142914 52100.8 18 31 0 2094 4.31
0.7 23.19 142729 36975.6 17 30 0 2640 5.50
0.8 22.26 141774 21943.9 16 22 0 3556 5.06
0.9 21.74 140780 7035.4 14 20 0 5156 6.86
0.91 21.57 140230 5554.5 13 20 0 5878 8.00
0.92 21.47 139845 4075.2 13 19 29 6058 40.23
0.93 21.31 139114 2604.0 12 19 30 6970 31.80
0.94 20.88 136878 1147.0 10 18 33 8016 38.31
0.95 20.69 135695 ÿ291.1 10 16 6 8177 33.41
0.96 20.50 134099 ÿ1720.7 10 14 12 9055 32.53
0.97 20.07 129489 ÿ3124.3 8 13 0 8898 11.38
0.98 19.90 126824 ÿ4485.9 7 13 0 8365 9.17
0.99 19.00 102025 ÿ5751.8 5 7 0 7705 6.92
0.999 18.29 57297 ÿ6519.8 3 3 0 6661 5.14
1 18.29 ÿ6583.7 3 3 0 453 0.78
174 C Wu, A T Murray32 stops on route 6 and 51 stops on route 7 are needed to cover all potential demand
(see o  0:001 in table 2). Of course, this represents over 50% more stops compared with
the results from the census data. The average travel time for o  0:001 is 27.68 minutes
in table 2. This is 3.54 minutes higher than that suggested by using census-block data.
These results highlight problems associated with the use of aggregate census data in transit
planning.
As in table 1, the trade-off between average system travel time and access coverage
was assessed from grid-based data in table 2. The trade-off curves, shown in figure 7
(see over), are consistent with those shown in figure 5. In particular, the access
coverage decreases slightly when the average system travel time decreases from 32
minutes to about 21 minutes, and decreases rapidly when the travel time is further
decreased. Taking 95% access coverage as an example, the required travel time with
grid-based representation is 21.31 minutes (see o  0:93 in table 2), which is similar to
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Figure 6. Potential ridership demand by 30630 m grids.
Optimizing public transit quality and system access 175grid-based representation finds that the minimum number of stops for 95% coverage
on routes 6 and 7 are 12 and 19, respectivelyösimilar to the results obtained with
census-based representation (11 and 18, respectively).
Conclusions
In this paper, public transit is argued as a promising travel model to address urban
sustainability. Research suggests that the use of public transit services can reduce
automobile dependence in current transportation systems, thereby alleviating envi-
ronmental pollution, reducing energy consumption, lessening traffic congestion, and
enhancing quality of life and mobility. Public transit, however, is underutilized in
most urban regions, mainly because of the poor quality of services. In this paper the
multiple-route, maximal covering/shortest-path (MRMCSP) model was proposed to
address the trade-off between public transit service quality and access coverage in an
existing multiple route transit system. Analysis was carried out with two transit-demand
representations: census blocks and 30630 m grids.
A distinct feature of the MRMCSP model is its ability to consider multiple routes, in
contrast to the one route when the MCSP model is applied. Another noteworthy feature of
the MRMCSP model is that an existing-system context enables us to structure directed
arcs, which is not the case for the MCSP model. A benefit of this is that improved
structure is added and potential routing subtours are eliminated.Therefore, the MRMCSP
model performs extremely well computationally, with only seconds required to devise
optimal solutions to problems with thousands of decision variables and thousands of
constraints. Such large problems cannot be solved with the MCSP model.
One significant finding was that inefficiencies do exist in the public transit system
in Columbus, Ohio. In particular, with census-based demand representation, travel
time can be reduced by 26% even when all potential demand is suitably covered.
Further, only 21 out of 49 stops on route 6 and 33 out of 74 stops on route 7 are
required for full coverage of existing potential demand. This means that more than half
of the existing stops are redundant and could be removed. Moreover, if one is willing
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Figure 7. Trade-off curves between access coverage and average travel time for two routes
(30630 m grid-based ridership demand).
176 C Wu, A T Murrayachieved: for example, with 95% coverage of census-based demand, the average system
travel time can be reduced to 21.05 minutesöa 12.8% reduction; this scenario requires
11 and 18 stops on routes 6 and 7, respectivelyöonly 25% of the existing stops.
Another significant finding relates to transit-demand representation. The modeling
results are quite different with census-based and grid-based representations of potential
ridership demand. The differences are associated with travel time and number of stops
needed to cover potential transit demand fully. With the grid-based representation, the
required travel time of 27.68 minutes is 14.7% higher than the 24.14 minutes found with
census data. Moreover, the number of stops required to cover all potential demand
determined by grid-based data was more than 50% higher than that found with census
data. This illustrates the significant influences of demand-data representation on
modeled travel time and number of required stops, and suggests that the modifiable
areal unit problem does exist in the modeling of public transit service quality and access
coverage. However, use of the MRMCSP model enables large planning problems, with
spatially disaggregate data, to be modeled without any computational difficulties.
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